Introduction {#S0001}
============

Vancomycin has been widely used since its introduction in clinical practice in the late 1950s as a pivotal antibiotic to treat infections caused by a variety of Gram-positive bacteria (GPB), especially those with penicillin-resistance properties.[@CIT0001] The vancomycin target troughs recommended by current guidelines on infectious diseases typically range from 10 to 20 mg/L, but a higher-trough of 15 to 20 mg/L should be targeted for serious infections, such as meningitis, endocarditis, osteomyelitis, hospital-acquired pneumonia, and necrotizing fasciitis.[@CIT0002]--[@CIT0004] The guidelines also suggest attaining a trough of \>10 mg/L to avoid the emergence of vancomycin-resistant strains when treating GPB infections in general without accounting for the severity status of the disease in terms of complicatedness or invasiveness.[@CIT0002]--[@CIT0005]

Interestingly, a recent study in adult patients with non-deep seated GPB infections, treated with vancomycin for ≤14 days, compared low-trough versus high-trough patients based on their initial-stage trough levels and found no difference in therapeutic effects as well as vancomycin resistance development risks between the two comparison groups.[@CIT0006] The findings indicate that therapeutic drug monitoring (TDM) services for vancomycin-treated inpatients and their required hospital resources could be allocated to more complicated cases in accordance with cost-effectiveness considerations, thereby relieving clinicians from some of the workload possibly associated with low patient benefits. Clinical evidence supporting the notion of achieving a high-trough in pediatric patients is sparse as they have often been excluded from clinical research. It is known that the serum concentration of vancomycin tends to be lower in pediatric patients than that in adult patients despite the administration of equivalent daily dose per patient weight, a trend likely attributable to differences in the vancomycin pharmacokinetic (PK) properties between pediatric and adult patients.[@CIT0007],[@CIT0008] This phenomenon leaves clinicians uncertain about optimal dosing and target troughs of vancomycin in this patient population. Some studies confirmed that vancomycin is frequently under-dosed, resulting in insufficient serum concentrations in pediatric patients, and suggested a higher empiric vancomycin dose of at least 50--60 mg/kg/day in critically ill children with no renal impairment[@CIT0009]--[@CIT0011] or a loading dose of 18--24 mg/kg in case of positive fluid balance.[@CIT0012] Several other clinical studies also suggested a higher dose or an extended infusion of vancomycin in pediatric patients to improve target-attainment but without providing a dosing advice for these patients.[@CIT0013]--[@CIT0017] A 2017 study, on the other hand, suggested a lower dose of 45 mg/kg/day in children with congenital heart disease.[@CIT0018] These studies were mostly not designed to provide evidence on whether suboptimal levels could lead to poor clinical outcomes in pediatric patients. Hence, there is a need to investigate the efficacy of current institutional dosing protocols of vancomycin in these patients taking into account the trough levels obtained by the protocols and their associated treatment outcomes in real-world clinical settings.

Accumulating evidence supports the efficacy of TDM based on the area under the concentration--time curve for 24 hours (AUC~24~).[@CIT0019]--[@CIT0021] However, a more practical way of vancomycin TDM especially in pediatric care is still using trough levels because multiple blood samples per patient are required for monitoring AUC~24~.[@CIT0022] Therefore, this study was designed to evaluate the therapeutic outcomes and resistance development risks along with potential renal toxicities of vancomycin therapy depending on initial steady-state trough levels among pediatric patients with GPB infections.

Methods {#S0002}
=======

Study Design and Cohort {#S0002-S2001}
-----------------------

A retrospective cohort study of pediatric patients with GPB infections was carried out using patient data extracted from electronic medical records (EMRs) of a tertiary care hospital in Korea. All pediatric patients aged ≤12 years who received vancomycin therapy between 2008 and 2016 were screened for study entry. Of those, patients who met any of the following criteria were excluded from the study: no trough levels recorded in EMRs, vancomycin therapy provided for \<72 hours, no documented evidence of GPB-associated infections, prophylactic use of vancomycin, vancomycin-resistant *enterococcus* (VRE) infection cases, prior use of renal replacement therapy or dialysis, and history of renal transplantation or metastatic cancer. Selected patients were then categorized into three cohorts based on their initial trough levels: (1) those with a trough of \<5 mg/L (lower-trough group), (2) those with a trough of 5--10 mg/L (low-trough group), and (3) those with a trough of \>10 mg/L (high-trough group). The upper limit of the lower- and low-trough range was determined as 5 mg/L and 10 mg/L, respectively, in consideration of distinct vancomycin PK differences and distribution patterns of initial troughs in pediatric patients. In light of current guidelines recommendation of achieving a trough of \>10 mg/L to hinder the microbiological resistance development, we designated the \>10 mg/L trough group as reference and designed two comparison pairs: lower-trough versus high-trough; low-trough versus high-trough. It is still not known whether or not children need to achieve a trough over 15 mg/L, based on PK data suggesting that the AUC~24~ values may be sufficient with lower-troughs.[@CIT0023] In this study, we were not able to answer such a question as our analysis did not include a separate group of \>15 mg/L trough values due to small sample size.

The empiric dosing protocols for pediatric patients at the study institution are as follows: 13.3--60 mg/kg/day according to body weight and postnatal age (PNA) in neonates, and 40--60 mg/kg/day in older children; more detailed information can be found in supplementary material ([[Table S1](http://www.dovepress.com/get_supplementary_file.php?f=244836.docx)]{.ul}). The Korean Food and Drug Administration (KFDA) recommendations range from 20 to 30 mg/kg/day according to PNA in neonates and from 20 to 40 mg/kg/day in older children.[@CIT0024] The first trough concentration at steady state was determined as follows: if dosing intervals were ≥12 hours, the first trough measured one hour prior to the third or later dose; if dosing intervals were ≤8 hours, the first trough measured 1 hour prior to the fourth or later dose.[@CIT0006],[@CIT0008],[@CIT0025] Blood samples were analyzed by validated fluorescence polarimetry (Cobas Integra 800, Roche Diagnostics, Mannheim, Germany). The protocol of this study was approved by the Institutional Review Board of Ajou University Hospital (AJIRB-MED-MDB-17-137). Informed consent from study participants was waived due to the retrospective study design and patient data de-identification prior to study analyses.

Study Outcomes {#S0002-S2002}
--------------

The primary outcomes to evaluate the efficacy of vancomycin therapy included clinical cure (defined as no re-initiation of vancomycin administration within 30 days post completion of prior therapy and documented evidence of improvement in signs and symptoms or resolution of the disease), death, retreatment within 30 days after therapy completion, treatment duration, length of hospital stay, and final C-reactive protein (CRP) levels. As for microbiological outcomes, the risk of recurrent infections with incident vancomycin-resistant strains was assessed by identifying those cases where resistant GPB strains were newly isolated while on therapy or within 30 days after completion of prior therapy. Renal function of pediatric patients was estimated by using the revised Schwartz formula as follows: creatinine clearance (CrCl) in mL/min=(0.413×Ht)/SCr, where Ht denotes patient height in cm and SCr denotes serum creatinine in mg/dL.[@CIT0026] With respect to the secondary outcomes, information on final dosage and trough levels, dose adjustments over the course of therapy, and high-dose use (≥60 mg/kg/day) were also collected and compared between groups in each comparison pair. For renal safety analyses, newly diagnosed renal events during the follow-up, such as hypertensive renal disease, renal failure, nephritis syndrome, renal dialysis, and disorders due to impaired renal tubular function, along with any cases where SCr levels increased by ≥0.3 mg/dL or by ≥50% above baseline during the follow-up were identified to evaluate the potential nephrotoxic effects of vancomycin depending on trough concentrations at initial steady state.[@CIT0027]

Covariates {#S0002-S2003}
----------

The prespecified covariates in this study were as follows: patient demographics (sex, age, and weight at baseline), location of hospitalization (intensive care unit \[ICU\] versus non-ICU), and days post hospitalization at vancomycin initiation, total daily doses, trough concentrations, comorbidities along with Charlson comorbidity index (CCI) scores, SCr and CRP values, concomitant medications (immunosuppressants, chemotherapies, nephrotoxins, and antimicrobials), infectious disease types, microbiological culture and susceptibility results, and isolation status of resistant GPB strains. Those patients transferred to ICUs within 48 hours following vancomycin initiation were categorized as ICU-hospitalized patients. Nephrotoxic drugs included nonsteroidal anti-inflammatory drugs, furosemide, hydralazine, aminoglycoside, contrast media, acyclovir, amphotericin, colistin, cyclosporine, and interferon.

Statistical Analysis {#S0002-S2004}
--------------------

We investigated the association of suboptimal vancomycin levels in pediatric patients with clinical outcomes, relative to patients with therapeutic levels (\>10 mg/L) at initial steady state. The multinomial propensity score (PS) for each patient was estimated by utilizing a logistic regression model accounting for relevant pretreatment attributes as covariates: age category, sex, CCI category, CRP category, ICU admission status, and infectious disease types to perform PS matching between each pair of comparison cohorts: lower-trough versus high-trough; low-trough versus high-trough. To control for potential confounders, each study cohort was matched in a 1:2 ratio based on the estimated PS, which predicts the probability of subtherapeutic trough (either lower- or low-trough) versus high-trough given the baseline covariates; separate PS matching was carried out in each of the two comparison pairs. We calculated crude odds ratios (ORs) with 95% confidence intervals (CIs) for relevant clinical, microbiological, and renal safety outcomes associated with suboptimal versus \>10 mg/L trough levels in the initial stage of treatment in each comparison pair. To account for potential confounding factors, ORs and 95% CIs were then adjusted for relevant pretreatment variables. The statistical analyses involving categorical variables were performed with the use of Chi-square or Fisher's exact tests, and for continuous variables, the *t*-test or the Wilcoxon rank-sum test was used to compare the difference between the two groups. *p*-values were two-tailed and deemed statistically significant if less than 0.05. A literature review was conducted a priori to estimate the number of patients needed for the study analyses, but no relevant information on either cure or treatment failure rates specifically associated with pediatric GPB infection cases was available.[@CIT0028]--[@CIT0030] Hence, all vancomycin-treated pediatric inpatients during the study period were screened, and only those found eligible based on the inclusion and exclusion criteria were finally included in this study. All statistical analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).

Results {#S0003}
=======

Characteristics of Study Patients {#S0003-S2001}
---------------------------------

During the 9-year study period, there were 908 pediatric patients who received at least one dose of vancomycin in the study institution, all of whom were initially screened for study entry. Following the screening, a total of 707 patients were excluded from further analyses due to the following reasons: no available trough values (n=699, which includes no documented evidence of GPB infections and prophylactic therapy); vancomycin therapy duration of \<72 hours (n=3); VRE infections (n=4); and history of renal transplantation (n=1). Resultantly, 201 patients were finally considered eligible for study inclusion; of those, 87 patients with the first trough of \<5 mg/L were categorized as the lower-trough group and 82 with the first trough of 5--10 mg/L as the low-trough group, whereas the remaining 32 patients with the first trough of \>10 mg/L as the high-trough group. Notably, vancomycin trough levels in 169 (84%) out of 201 pediatric patients were below the therapeutic target of 10 mg/L. The mean age of initial cohorts prior to PS matching ranged from 3.7 to 4.4 years, and baseline attributes of those patients were summarized in [[Table S2](http://www.dovepress.com/get_supplementary_file.php?f=244836.docx)]{.ul} in the supplementary material.

Each of the lower-trough and low-trough cohorts were then matched on the PS to the high-trough cohort, respectively, for risk analyses of clinical outcomes of vancomycin treatment per initial trough levels. We incorporated the nearest neighbor matching method in order to allow for comparison between larger-sized matched groups: 60 patients in the lower- and low-trough cohorts, respectively, were identified via PS matching and analyzed against 30 high-trough patients in each comparison pair. Neonates were excluded prior to PS matching because there were only a small number of patients belonging to that age category. Overall, no significant between-group difference was found post PS matching in terms of most baseline attributes including sex, age, ICU versus non-ICU hospitalization, comorbidity status, SCr values, infectious disease types, and isolation of resistant GPB strains, except for CRP values and concomitant antimicrobial use ([Table 1](#T0001){ref-type="table"}). In both comparison pairs, the patient distribution differed substantially between groups with respect to the two variables (initial total daily doses and initial steady-state troughs), an inherent disparity owing to the design of this study as well as the classification criteria for each cohort. The high-trough group patients were initiated at a greater daily dose on average relative to the lower- and low-trough group patients: 55.6 mg/kg/day versus 41.0 mg/kg/day (*p*\<0.001) and 46.7 mg/kg/day (*p*=0.01), respectively. Accordingly, the mean initial steady-state trough was 17.5 mg/L in the high-trough group, 7.0 mg/L in the low-trough group, and 3.2 mg/L in the lower-trough group. Baseline SCr values and CCI scores suggested normal renal function and minimal comorbidity burden at study entry in most study patients, respectively: the most common comorbid conditions involved pulmonary, circulatory, and genitourinary systems. There were seven oncology patients (three, three, and one in the lower-, low-, and high-trough cohorts, respectively) included in the PS-matched cohort analyses.Table 1Baseline Characteristics of Propensity Score-Matched Patient Cohorts in Two Comparison Pairs (Lower-Trough vs High-Trough; Low-Trough vs High-Trough)VariablesLower-Trough (n=60)High-Trough (Reference) (n=30)Low-Trough (n=60)p-value\* Lower-Trough vs High-Troughp-value\* Low-Trough vs High-TroughSex (female), n (%)23 (38.3)9 (30.0)18 (30.0)0.441.00Age (years), mean±SD3.6±3.73.9±4.34.2±4.10.740.74 \<1, n (%)18 (30.0)15 (50.0)22 (36.7)0.060.23 1--12, n (%)42 (70.0)15 (50.0)38 (63.3)ICU hospitalization at vancomycin initiation, n (%)27 (45.0)15 (50.0)28 (46.7)0.650.77Length of stay at vancomycin initiation (days), mean±SD14.5±14.812.4±19.112.2±17.10.570.96Initial total daily dose (mg/kg/day), mean±SD41.0±14.755.6±16.146.7±16.1**\<0.0010.01**Comorbidity, n (%) Pulmonary disease24 (40.0)14 (46.7)34 (56.7)0.400.34 Circulatory system disease12 (20.0)7 (23.3)14 (23.3) Genitourinary disease8 (13.3)5 (16.7)7 (11.7)CCI, mean±SD0.5±0.90.4±0.80.4±0.80.800.79 ≤1, n (%)51 (85.0)25 (83.3)53 (88.3)0.200.32 2, n (%)5 (8.3)5 (16.7)5 (8.3) ≥3, n (%)4 (6.7)0 (0.0)2 (3.3)SCr (mg/dL), mean±SD0.5±0.20.6±0.90.5±0.30.130.43GRF (mL/min), mean±SD95.1±37.090.3±44.190.9±41.80.640.96CRP (mg/dL), mean±SD4.0±5.58.4±9.65.8±8.3**0.007**0.18Concomitant immunosuppressant or chemotherapy, n (%)4 (6.7)1 (3.3)1 (1.7)0.520.61Concomitant nephrotoxin, n (%)48 (80.0)26 (86.7)51 (85.0)0.440.83 Number of concomitant\
 nephrotoxins, median (IQR)1 (1--2)2 (1--2)2 (1--2)0.100.69Concomitant antimicrobial, n (%)39 (65.0)28 (93.3)46 (76.7)**0.004**0.05Infectious disease types, n (%) Skin and soft tissue infection13 (21.7)2 (6.7)7 (11.7)0.290.26 Urinary tract infection8 (13.3)3 (10.0)9 (15.0) Pneumonia16 (26.7)13 (43.3)14 (23.3) Bacteremia10 (16.7)9 (30.0)14 (23.3)Resistant Gram-positive isolates, n (%)29 (48.3)15 (50.0)24 (40.0)0.880.37 MRSA19 (31.7)12 (40.0)16 (26.7) CoNS16 (26.7)4 (13.3)14 (23.3)Initial steady-state trough (mg/L), mean±SD3.2±1.017.5±7.77.0±1.4**\<0.001\<0.001** \<1 year3.4±1.215.3±4.37.4±1.5**\<0.001\<0.001** 1--12 years3.1±1.019.7±9.76.9±1.3**\<0.001\<0.001**[^1][^2]

Study Outcomes: Lower-Trough versus High-Trough Cohorts {#S0003-S2002}
-------------------------------------------------------

[Table 2](#T0002){ref-type="table"} summarizes the results of outcome analyses between the lower- and high-trough cohorts. ORs and 95% CIs were adjusted for age category, CRP category, and concomitant antimicrobial use status at baseline. Poor clinical outcomes were indicated in the lower-trough group relative to the high-trough group in terms of 30-day retreatment risk and overall treatment duration: lower-trough patients were more likely to be treated again within 30 days post therapy completion (adjusted OR=5.89, *p*=0.03); their mean duration of therapy tended to be longer (32.6 days versus 14.6 days, *p*=0.01) with an increased risk of treatment duration for ≥30 days (adjusted OR 5.49, *p*=0.01). The ORs for cure and death, however, were not associated with a statistical significance, and [Figure 1](#F0001){ref-type="fig"} also shows that there is no significant difference between groups in terms of cure and death risks.Table 2Study Outcomes in Propensity Score-Matched Patients of Lower-Trough versus High-Trough CohortsOutcomesLower-trough\
(n=60)High-trough\
(n=30)Crude OR\
(95% CI)*p*-valueAdjusted OR\
(95% CI)\**p*-value**Clinical outcome** Clinical cure, n (%)38 (63.3)24 (80.0)0.43 (0.15-1.22)0.110.43 (0.14-1.32)0.14 Death, n (%)4 (6.7)4 (13.3)0.46 (0.11-2.00)0.290.38 (0.07-1.95)0.24 Final CRP (mg/dL), mean±SD2.7±6.23.0±3.60.85 Therapy duration (days), mean±SD32.6±37.614.6±9.9**0.010.01** ≥30 days, n (%)21 (35.0)3 (10.0)4.85 (1.31-17.88)**0.01**5.49 (1.39-21.62)**0.01** Length of hospital stay (days), mean±SD72.6±96.572.0±140.50.98 Retreatment within 30 days, n/survivors (%)18/56 (32.1)2/26 (7.7)5.68 (1.21-26.72)**0.02**5.89 (1.24-29.22)**0.03Microbiological outcome** Resistant Gram + isolates identified\
 while on therapy or within 30 days after\
 vancomycin discontinuation, n/survivors (%)4/56 (7.1)2/26 (7.7)0.92 (0.16-5.39)0.931.30 (0.21-8.18)0.78**Vancomycin dose and trough** Final total daily dose (mg/kg/day), mean±SD48.0±18.649.8±13.40.67 % change in total daily dose (%), mean±SD17.6±25.0-9.0±21.3**\<0.001** Number of patients with daily dose ≥60 mg/kg/day, n (%)10 (21.7)12 (48.0)0.30 (0.11-0.86)**0.02**0.38 (0.12-1.23)0.11 Final steady-state trough (mg/L), mean±SD5.3±3.314.4±7.9**\<0.001** % change in trough (%), mean±SD87.8±126.7-13.0±25.8**\<0.001** Number of patients requiring dose adjustment, n (%)45 (75.0)10 (33.3)6.00 (2.30-15.64)**\<0.001**9.06 (3.03-27.12)**\<0.001** Number of dose adjustments per patient, mean±SD1.9±1.80.6±1.2**0.001Renal function outcome** Final SCr (mg/dL), mean±SD0.4±0.10.6±1.10.06 GFR (mL/min), mean±SD112.4±42.995.8±52.30.17 Renal event, n (%)2 (3.3)3 (10.0)0.31 (0.05-1.97)0.190.25 (0.04-1.82)0.17[^3][^4] Figure 1Clinical outcomes for the propensity score-matched comparison groups.

Although patients in the lower-trough group started with a substantially smaller dose at therapy initiation, their doses were titrated up to a greater extent over the course of therapy such that the between-group difference in the mean total daily dose at therapy completion was significantly reduced ([Table 2](#T0002){ref-type="table"}). Of note is that, despite the substantial dose adjustments in the lower-trough group patients, their trough levels at therapy completion remained significantly lower than those in the high-trough group: the mean value for the final troughs was 5.3 mg/L versus 14.4 mg/L (*p*\<0.001). Early discontinuation of therapy before blood sampling or before reaching steady state post dose adjustment, suboptimal adherence to TDM guidelines or unconsulted patients, and greater variability in vancomycin half-life and less intensive blood sampling in pediatric patients than in adults may all have contributed to these observations.

Overall, the mean length of hospital stay was not statistically different between the two groups: 72.6 days versus 72.0 days in the lower- and high-trough groups, respectively (*p*=0.98). Also, the distribution of final CRP values appeared balanced between groups: the mean value was 2.7 mg/dL and 3.0 mg/dL in the lower- and high-trough groups, respectively (*p*=0.85). Regarding vancomycin-resistant GPB isolation and nephrotoxicity risks, no signal of significant resistance development or renal function impairment was detected in both groups throughout the follow-up.

Study Outcomes: Low-Trough versus High-Trough Cohorts {#S0003-S2003}
-----------------------------------------------------

Similar analyses were repeated in low-trough versus high-trough patients to better evaluate the differential effects of vancomycin treatment depending on initial trough levels on clinical outcomes, using analogous PS matching methods utilized in the previous outcome analyses. The results are summarized in [Table 3](#T0003){ref-type="table"}. The cure rates approached 80% (72/90) in overall patients as well as in each patient group. Most ORs for individual clinical outcomes, including 30-day retreatment and overall therapy duration, were not associated with a statistical significance except for percent change in total daily doses and final steady-state troughs along with percent change in trough levels. A similar pattern was observed in the microbiological outcome and renal safety analyses: the ORs of vancomycin-resistant GPB isolation and renal events were not assessed as statistically significant.Table 3Study Outcomes in Propensity Score-Matched Patients of Low-Trough versus High-Trough CohortsOutcomesLow-Trough (n=60)High-Trough (n=30)Crude OR (95% CI)p-valueAdjusted OR (95% CI)\*p-value**Clinical outcome** Clinical cure, n (%)48 (80.0)24 (80.0)1.00 (0.33--2.99)1.001.31 (0.40--4.29)0.65 Death, n (%)7 (11.7)4 (13.3)0.86 (0.23--3.20)0.820.43 (0.09--1.99)0.28 Final CRP (mg/dL), mean±SD2.9±5.73.0±3.60.93 Therapy duration (days), mean±SD19.0±12.114.6±9.90.09  ≥30 days, n (%)10 (16.7)3 (10.0)1.80 (0.46--7.10)0.402.54 (0.62--10.48)0.20 Length of hospital stay (days), mean±SD54.0±70.072.0±140.50.42 Retreatment within 30 days, n/survivors (%)5/53 (9.4)2/26 (7.7)1.25 (0.23--6.92)0.801.60 (0.28--9.10)0.60**Microbiological outcome** Resistant Gram + isolates identified while on therapy or within 30 days after vancomycin discontinuation, n/survivors (%)4/53 (7.5)2/26 (7.7)0.98 (0.17--5.73)0.981.19 (0.19--7.24)0.85**Vancomycin dose and trough** Final total daily dose (mg/kg/day), mean±SD50.9±16.049.8±13.40.78 % Change in total daily dose (%), mean±SD10.6±22.7−9.0±21.3**\<0.001** Number of patients with daily dose ≥60 mg/kg/day, n (%)12 (25.5)12 (48.0)0.37 (0.13--1.03)0.050.45 (0.15--1.37)0.16 Final steady-state trough (mg/L), mean±SD10.1±6.214.4±7.9**0.005** % Change in trough (%), mean±SD34.3±71.4−13.0±25.8**0.002** Number of patients requiring dose adjustment, n (%)15 (25.0)10 (33.3)0.67 (0.26--1.74)0.410.87 (0.32--2.42)0.79 Number of dose adjustments per patient, mean±SD0.5±1.30.6±1.20.69**Renal function outcome** Final SCr (mg/dL), mean±SD0.5±0.50.6±1.10.35 GFR (mL/min), mean±SD108.3±54.695.8±52.30.36 Renal event, n (%)3 (5.0)3 (10.0)0.47 (0.09--2.50)0.370.37 (0.06--2.20)0.28[^5][^6]

Discussion {#S0004}
==========

Amid growing concerns over antibiotic resistance worldwide, it becomes of paramount importance to treat infectious diseases in a way that is safe for patients and effective at preventing the rise of resistant organisms. One strategy to overcome constantly-evolving microbial species is to achieve vancomycin troughs within the therapeutic index at least in 24 hours post therapy initiation as endorsed by current guidelines.[@CIT0031]--[@CIT0033] Interestingly, however, in 169 (84%) out of 201 patients included in the initial study cohort, the first trough at steady state did not reach 10 mg/L, the lower limit of the therapeutic range that guidelines recommend to suppress the emergence of resistant GPB strains, and only 32 (16%) patients attained the first trough of above 10 mg/L ([[Table S2](http://www.dovepress.com/get_supplementary_file.php?f=244836.docx)]{.ul}). More notably, in almost 43% of study patients (87 in 201 patients), below 5 mg/L troughs were recorded at initial steady state.

This positively shewed distribution of trough concentrations is likely attributed to differences in vancomycin PKs in pediatric patients. It is well documented that, in accordance with the degree of physiological development and maturation, pediatric patients have a greater vancomycin clearance and resultantly a shorter half-life as compared to adult patients.[@CIT0007],[@CIT0008] Hence, when equivalent amounts of vancomycin per patient weight are administered to pediatric patients, their serum concentrations tend to be lower than those in adult patients. Additionally, in pediatric patients, over 60% of the body composition is water,[@CIT0034]--[@CIT0036] which dilutes vancomycin concentrations. Due to differences in the volume of distribution and high CrCl in pediatrics, relationships between trough concentrations and AUC might be different than in adults, and therefore might influence the relationship between trough levels and outcomes.[@CIT0034]--[@CIT0036]

Of note was that the clinical outcomes significantly associated with the differential trough levels at initial steady state were the risks of long-term therapy, retreatment, and frequent dose adjustments that were substantially elevated in the lower-trough group with \<5 mg/L levels. Meanwhile, the study findings showed no statistically significant improvement in other clinical and microbiological outcomes (cure, death, length of hospital stay, resistant GPB isolation, and adverse renal events) with high-troughs at initial steady state compared to \<5 mg/L troughs. These non-significant results in clinical efficacy might have been affected not only by the limited number of study patients and low statistical power but also by commonly insufficient vancomycin exposure and different vancomycin PKs in pediatric patients. According to current TDM guidelines, adequate antibiotic efficacy is achieved when a vancomycin AUC~24~ divided by the minimum inhibitory concentration (MIC) is ≥400.[@CIT0002],[@CIT0037] However, the AUC~24~-based TDM is not practical in pediatric care units as it requires multiple blood draws per patient.[@CIT0022] Further research with a larger sample size may show a statistically significant association between these outcomes with the attainment of troughs of \>10 mg/L at initial steady state in the context of achieving the AUC~24~/MIC target of ≥400.

In consideration of vancomycin PK characteristics and body composition differences in pediatric patients,[@CIT0007],[@CIT0008],[@CIT0034]--[@CIT0036] aiming for a higher-trough at initial steady state can be beneficial for disease management of pediatric infectious disease cases requiring vancomycin therapy, particularly by reducing the risk of treatment prolongation and recurrent infection as well as the need for frequent TDM-guided dose adjustment. Due to the narrow therapeutic index, TDM services are commonly provided for vancomycin-treated patients in the hospital.[@CIT0002]--[@CIT0005] A previous study questioned the need of keeping vancomycin troughs above 10 mg/L in adult patients with infections, treated for short term (≤14 days): targeting a trough of \>10 mg/L led to greater clinician workload (the time required per dose adjustment was estimated as 53 minutes) but without corresponding gains regarding clinical response and resistance suppression.[@CIT0006] Uncertainty remained about whether such findings could be applied to pediatric patients. The present study in pediatric patients found that almost 84% and 43% of study patients had the first trough of \<10 mg/L and \<5 mg/L at steady state, respectively, and that \<5 mg/L trough patients were at an elevated risk for poorer clinical outcomes than \>10 mg/L trough patients in terms of therapy duration, retreatment, and dose adjustment risks. To the best of our knowledge, these differential clinical outcomes depending on the first trough levels have never been reported in previous studies. Meanwhile, there was no difference between 5--10 mg/L and \>10 mg/L troughs in the aforementioned clinical outcomes; further research with statistical power is required to answer the question of whether or not below 10 mg/L troughs may be sufficient to achieve equivalent clinical outcomes compared with \>10 mg/L troughs in pediatric patients.

The current dosing guidelines, in general, provide a wide range for empiric pediatric dosages, which typically range from 15 to 45 mg/kg/day in neonates and from 30 to 80 mg/kg/day in older children.[@CIT0005],[@CIT0011],[@CIT0038] The wide range may leave clinicians uncertain about the optimal dosage for individual patients. In order to reduce the risk of belated dose adjustments and delay in therapeutic effects, pediatric patients may benefit from receiving a higher dose in the initial stage of treatment. Based on our study findings, approximately 55 mg/kg/day in children aged 1 month to 12 years could increase the chance of attaining the initial trough of \>10 mg/L. Despite the 2009 Infectious Diseases Society of American updates with regard to targeting a higher-trough range to improve clinical outcomes, empiric dosing protocols have not been revised accordingly to reflect the changes and ensure sufficient drug exposure in pediatric patients. As a result, insufficient vancomycin dosages and suboptimal trough levels have been frequently encountered among pediatric patients in real-world practice. Our findings regarding a high incidence of subtherapeutic levels in children are consistent with the data in previous studies that reported the issue of insufficient doses of vancomycin commonly administered to pediatric patients[@CIT0009]--[@CIT0017] and that also suggested a higher empiric dose of at least 50--60 mg/kg/day in children with no renal impairment.[@CIT0009]--[@CIT0011]

Limitations {#S0005}
===========

Due to the single-institution study design with the strict eligibility criteria for study inclusion and the availability of trough concentrations in EMRs, the total number of patients included in this study was limited. The first troughs at steady state in the majority of pediatric patients were relatively lower than those reported in a previous study involving adult patients. The right-skewed distribution of initial troughs might have been inevitable due to vancomycin PKs and physiological characteristics in pediatric patients. Additionally, there was a great degree of variations in vancomycin regimens for individual patients. It was possible that individual prescribers may not have strictly adhered to the institutional empiric dosing guidelines when selecting starting doses for pediatric patients. TDM and dose adjustments may not have been properly performed in some unconsulted patients or those patients cared in other departments, whose vancomycin therapy has not been managed by infectious disease specialists or TDM pharmacists. Lastly, although the first troughs at steady state were captured for study analyses, the conditions for collecting blood samples to measure vancomycin concentrations might not have been comparable in each patient.

Conclusion {#S0006}
==========

This study found significant link between vancomycin troughs of \<5 mg/L at initial steady state and poor clinical outcomes, such as risks of therapy prolongation, retreatment, and frequent dose adjustment, relative to \>10 mg/L troughs in pediatric patients with GPB infections. Patients with \<5 mg/L troughs at initial steady state were more likely to require aggressive dose up-titration over the course of therapy, which could increase clinician workload and cause delay in therapy. In light of distinct vancomycin pharmacokinetics and body composition differences in pediatric patients, empiric doses of about 55 mg/kg/day should be considered when selecting a pediatric dose for children aged between 1 month and 12 years.
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[^1]: **Notes:** \**p*-values were calculated with the use of Chi-square test (Fisher's exact test) for categorical variables and *t*-test (Wilcoxon rank-sum test) for continuous variables. Statistically significant *p*-values are highlighted in bold. Renal function of pediatric patients was estimated by using the revised Schwartz formula as follows: creatinine clearance (CrCl) in mL/min=(0.413×Ht)/SCr, where Ht denotes patient height in cm and SCr denotes serum creatinine in mg/dL.[@CIT0026]

[^2]: **Abbreviations:** SD, standard deviation; ICU, intensive care unit; IQR, interquartile range; CCI, Charlson comorbidity index; SCr, serum creatinine; GFR, glomerular filtration rate; CRP, C-reactive protein; MRSA, methicillin-resistant *Staphylococcus aureus*; CoNS, coagulase-negative *Staphylococcus*.

[^3]: **Notes:** \*ORs and 95% CIs were adjusted for age category, initial CRP category, and concomitant antimicrobial use. *p*-values were calculated with the use of Chi-square test (Fisher's exact test) for categorical variables and *t*-test (Wilcoxon rank-sum test) for continuous variables. Statistically significant *p*-values are highlighted in bold. Renal function of pediatric patients was estimated by using the revised Schwartz formula as follows: creatinine clearance (CrCl) in mL/min=(0.413×Ht)/SCr, where Ht denotes patient height in cm and SCr denotes serum creatinine in mg/dL.[@CIT0026]

[^4]: **Abbreviations:** OR, odds ratio; CI, confidence interval; SD, standard deviation; IQR, interquartile range; CRP, C-reactive protein; SCr, serum creatinine; GFR, glomerular filtration rate.

[^5]: **Notes:** \*ORs and 95% CIs were adjusted for age category, initial CRP category, and concomitant antimicrobial use. *p*-values were calculated with the use of Chi-square test (Fisher's exact test) for categorical variables and *t*-test (Wilcoxon rank-sum test) for continuous variables. Statistically significant *p*-values are highlighted in bold. Renal function of pediatric patients was estimated by using the revised Schwartz formula as follows: creatinine clearance (CrCl) in mL/min=(0.413×Ht)/SCr, where Ht denotes patient height in cm and SCr denotes serum creatinine in mg/dL.[@CIT0026]

[^6]: **Abbreviations:** OR, odds ratio; CI, confidence interval; SD, standard deviation; IQR, interquartile range; CRP, C-reactive protein; SCr, serum creatinine; GFR, glomerular filtration rate.
